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Sing]c  bubb]c dynamics arc invcs~igalcd using accrus(ic lccllniqucs for isolalioi~  and manipulatiwl.
q’hc goal of the investigations is to understand the dynamic origin of the various phmomcna  that
bubbles exhibit: ligbi emission, enhanced mass lranspofl, chaotic and quasi periodic oscillations and
translations. OIICC understood, acoustically nlalli~mla[cd  bubbles can serve as platforms formatcrials
cffccls 011 free surfaces, using surfactants to alter surface rhco]ogy  and observing how that affects
both dynamics and also mass transport. ‘1’hc effects of gravity on the prob]cm will bc shown to bc
significant, l’hc first set of obsc.rvations from lg cxpcrimclltation arc prcscntcd. ‘I”hcsc  obscrva[ions
:irc  of ttm onset conditions for instability of [hc spherical stlapc  of the bubhlc..  l;or the six,c ral]gc  55 -
90 microns in diarnctcr  wc observe instability governed by rcsonan( mode coup] il)g, which is
significantly affcctcd by the buoyant force and its cffccls.

IN’1’ROI)LJC’J’ION

A bubble is a laboratory for the sludy of a surprising variety of physics problems. }Icat
lrallspori [ 1], mass transporl  [2], surfactant  effects [3], shock waves [4], chaos [5], free surfwc
instability [6], and even clcctromagnctic  radiation [7] arc all phenomena associated widl the highly
nol)linc:ir  oscillatiol~s  of air bubbles in water. 11 is impossib]c,  however, to separate the study of any
of these phclmmcna from ttlc ful~damcnta]  mccharlics  of the bubb]c wall’s oscillation, coupled [o Ihc
It]crll]odyll:lrllics  of the in[crior. ‘t’hus  it is crucial to make detailed observations of bubble mechanics
in collccrl  with other investigations of malcrial  or transporl  Jmpcrlics.

Many areas of scicncc  and tcchl)o]ogy dcl)crld  on bubb]c dynamics . in the field of
biomedical ultrasound, many of the effects studied ill the ultrasound conlnlulli  ly (such as c[lhanccd
ccl] lysis, sonochcmical  reactions, ultrasonic c,lcaning,  etc. ) dc~)cnd 011 the mechanical response of a
bubble to a sound fic]d. II) the field of surface rhco]ogy, knowing tllc mechanical response of
bubbles lets us usc thcm as tools 10 probe the effects of sur~~cc aclivc agcn[s,  mLICh  as drops arc
currcnlly being used [8]. In addition to being a closc{i, isolated intcrfacc, onc of the m:ljor reasons a
bubble is used in these contexts is that a hubblc  can produce bolh pure dila(a(ional,  shear, and a
con~bination  of dilatational and s}lcar  ir)tc.rfiacial  motions. Mass transpor(  research on the effect of
surfactants on the, diffusion of gas across the air waicr il~tcrfacc [I;yrillas and Szcri irl 3] also relics On
dctai]cd bubble mccbarlics, and will cvcntua]ly lead to u[ldcrstal~din:  the ful~darncntals  of air-sea
mass transfer. Ambient noise in the ocean (which has bcctl  stlown to bc largely duc [o volume
oscillations of bubbles near the sca surface [9]) hos been conjcclurcd  to dcpclld on prccisc]y the
nonlil\car shape/volun~c mcrdc energy trmsfcr  for which WC, prc.scllt  results in this paper [ 10].

IT] the nlicrogravi[y  cnvirol)mcn~,  bubbles  arc ilnporlallt  for LWO reasons. “J’hc firsl is [Ilal
bubbles cxpcricncc  a buoyant force duc to gravity, and the justification for rnicrogravity
~xpcrimcntalion is sinl~)ly the removal of the buoyal~t  force and its cffcc(s.  Static dcfor[na[ion of the
equilibrium shape changes the very nature of [hc coupling bctwccn volume arid shape mode(s) ,
which wc will stlow is ttlc prin~ary instability for a bubble [ 11 ]. AS WC]], translator oscillations of the
bubble guarall(cc  that the onset of shape oscillations in 1 g will occur at rc.tativcly  low pressure va]ucs,
making impossible
[1?].

Bubbles arc
then non-invasivc]y
where lhc nonlinear

the observation of the prcdictccl  vilun~c.osci  nation  bifu;catim~ supcrstruc[urc

best sludicd in isolation, wi[hcm[  cor]tact  and conlarnirlation  from colltaincrs, and
manipulated. Perhaps [hc Inos[ cffcctivc schcmc is tha~ of acoustic lcvitatiol~,
acoustic radiation force balances ttic. buoyar]t  force ill 1 g, arid merely positions al



pressure maximum in Og. C)n tbc praclica] s ide,  howcvcI, mcasurcmrmls cm bubbles in 1 g are
compromised because positiotlirlg  is cou~>lc.d {O driving fore.c, and nonlinear cffccls  such as sclf-
oscillalion  and streaming occur due to (he coupling (via I}IC necessarily lligll-allllllitlldc  acoustic
field) of the volume and translational modes. l>ccoupling  driving from positioning is impos.vihic  in
lg.

Secondly, apm from bubbles being [he subjccls  of microgravity research themselves, bubbles
occur in fluids  in space, and their appearance is fraug}l[ with problems, not least of which is how to
gc.t rid of them! Fluids experiments (I)rop Physics ModLIlc,  7x01itc Crystal Growth, Oscillatory
‘1’hcrmocapi]lary  Flow, Cicncric  Bioprcrccssing Apparatus) on botb the S’1”S-50 and S7’S-73 missions
have oflcn developed bubbles whose prcscnrx  and dyl~anlics  affccicd  wha( was being measured.
Most  proposed schcrncs  for c]imination  of unwanted bubbles (acoustic, tllcrlllocaI~ill:iry,
clcctrophoretic)  dcpcl]d  on dynamics of bubbles for [heir efficacy. Once again understanding
bubble rncchanics  is seen as fundamcmai  to a bos[  of practical problems.

We present hc.rc the results from the first  phase of our pla~lned cxpcrirncI][atioIl:  [he
irlvcstigation  of the OnSCI  of non-spherical oscilltitions  of the sl]a~)c of the bubble. ‘1’hcsc I;atadny
shape osci]la[ions  form a natural boundary in the paralncter  space  of bubble dynamics, since
cxJ~crinlcnlalion  on spherical bubbles can occur ol]ly al pressures and radii below the critical values.
Above the threshold, the amp]itudc  of tlICSC  shape oscillations can rapidly grow, and lead to breakup
of lhc bubble. Wc will limit  ourselves to a brief dcscripiivc backgrouI]d  of the problem, followed by
an cxpcrimcnt  description and results.

BACKGROUND>: “1’111; SllAIVi OSCI1,I  ,A’1’ION PROB1 .I{M

A gas/vapor bubble in water is a highly nonlinear syslcrn. ‘1’his  is most readily seen when the
bubble is subject to an external forcirlg, SUC}I  as is the CaSC when a (imc-varying  acoustic fic,td is
imposed. SLIpposc that the acoustic wavelength is rnucll larger than ttlc bubble radius 1{~ (kaR~ small,
where ka is the acoustic wavcnumbcr in waler). l>uring  a conlprcssion phase of the field, the bubble,
since it is highly cornprcssiblc, will contracl,  accclcra[irlg  inward. “1’hc pmsurc and lcrnpcra(urc will
incrcasc. }ivcntual]y,  the contractio~l  halls, rcvcrscs, and the bubble  begins expanding. IXrring  the
cxparlsiorr  pllasc of the external field, Ihc bubtdc cxparids,  c.oolil]g  and reducing (11c pressure in its
interior.

‘l’his  oversimplified picture gives us at lcasl a qualitative insight inlo the motion. l’hc
nol}lincar  restoring force is ]argc]y  thcrlrlodyrlanlic  during colla~)sc  (due 10 the incrcascd  interior
pressure) and expansion, since equilibrium irnplics  a static pmsurc  stress balance across the bubble
wall. ‘l-he nonlinear damping is due to thermal, bulk viscous and sound radiatioIl  n]cchar~isms  in ttm
case of a pure liquid, and additionally duc to surface viscosity for liquids with surfactan[s. For a
f ixed  cquilibriurn ra~ii~ls  }.?0, Lhc btlbblc will exhibit a furldan)crl[al  lincw  rcsonancc  frcqucr)cy  j~).
J;or arl air bubble in waler of radius }{0 = 64 microrls, Jo -50 kllz,  a( atrnos~hcric  pressure.

Considcraliou  of the spherically symmc[ric problem yields predictions of highly norllincar
dynamics as Ihe acoustic pressure Pa is i]]crcascd. Nurrlcrical  integration of [Ilc cqualion of motion
for a driven, sphcricaf bubble predicts the resonant creation of periodic (and via slandard pcriod-
doubli]~g  bifurcations c/zaotic)  farnilics  of solu(ions  via rcsorlnnl  saddfc-node  bifurcations. ‘l”bc
};arcy ordering [ 12] of the rcsonanl saddle-node bifurcations irnposcs  a rccurrcnt  supcrstructu[c
which cor~trols tbc appearance of period-dollb]irlg bifl]rcatiolls  10 chaos. OIIC of L}IC goals of this
rcscarcll  is to obsc,rvc  this bc!lavior, or dcicr]nine  why it is ])ot observed.

Under whal conditions will spherical syrnnlctry bccomc unslable,  and fur[her urldcr WIhO,L
col)diiio~ls  will this instability lead to observable distorliorls  of the s}Iapc and eventual breakup of tlIC
bubb]c? ‘]’here arc two candidale  instabilities: Raylcigh--l’aylor (R7’, [13]), and paramc~ric  or
I:ara(iay  (l;, [ 14]). It can bc shown [hat,  durirlg  a( lcas[ so[nc parl of its motion, a bubble is R’1’
urlstable.  R’]’ instability occurs for accclcra[cd  in(crfiaccs wl]crl (icnsity an(i pressure gradicn[s across
[hc illtc.rface  arc opposed. Rg’ occllrs  orl a fast tirnc SCalC,  and is thus likely to bc violent in its effects
011 the bubble surface if cotldi[ions  allow it to develop. At first glance, R“]’ al)ficars  very likely to
destroy a bubble a~ its first collapse.



1:, in cwltrasl, requires a rc.~onant  interaction for Ibc necessary energy cxchangc. A free
liquid surface, when vibrated pcriodical]y  and rmrlnal  to its surface plane, will  exhibit };araday  waves
with half the driving frequency when the cxcita[ion cwcrcrmcs  the damping [ 15]. In additioll  to
rcqoiril]g a finite threshold excitation, sufficient time is require.d for tbc coupling to occur, typically 2
or more cycles of the pcrioctic  excitation. F’inally,  since a bubble is a closed sur~~cc whose
circulnfcrcncc is of the same order as the capillary wavclcl]glh,  the cIIcrgy  INUSL cxcitc a normal mode
of the bubble, constrained by a resonance conditiot]  similar to lhc classic fs}la[)c / fvo]t)llle  ❑ 1/’2, and
consideration must bc givcll  to the d:impi[lg  of tt]c tmrmal  modes. l’hcorc~lcal  treatments of dlis
problem [SLrubc, l;llcr  and Chum ill 6] predict that such instabili(ics will occur near the (lJa No)
values wl~crc the inlcrcsting  sphcrica]  (iyl]amics  occurs, ~’hos,  wc want to resolve lhc issue of the
dylumical  behavior of bubbles over a wide range of parmctcr space (I’a }{0): what behaviors obtain,
and why?
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1 (igur-c 1: Scbcmatic of setup for acoustically levitating and imaging bubbles in water

Air bubbles initiated via electrolysis arc acoustically lcvilatcd  in water in the fa = 20.6 kllz slandillg
wave field of a cylindrical resonance CCI1 as i]luslratcd  in I:ig. 1 [ 16]. q’hc acoustic pressure /’a at the
aniit]odc is obtained from a custom hydrophotm  n~oul~(cd  near the, z, anli]mdc  and 1 cm away from
the side wall inside the CC1l. ‘J’hc  hydrophonc is calibra[cd  by balaJlcing the buoyant force with dlc
acoustic force for a variety of bubble sizes and positions along tllc z. axis pr-cssurc gradient, always
using small amplitude oscillations. For calibration ~mrposes,  Rave (=- R~ fc)r a linearly oscilla(illg
bubble) is measured directly by mcasurir)g  ttlc locations of LI]C peaks cncoulltcrcd  by swccpil~g  a
dctcclor from 20” [o 90° in the polariz.ation-plane forward scattering of’ an incidcn(  linearly polari~ed
llc-Nc  beam using Mic. tl~cory  [ 17]. R~, I{rlr(lx  arid R,rl~n arc obtairlcd  from sirlglc frame video
images illuminated at 1 pulse pc.r frame (maximum 1 Ins pulse widtl));  RO in particular is obtained
by turning the sound field  off irlst:ir~tarlcc)llsly  when the bubble is ir) ttlc focal plane of ttm imagitlg
Systcln. f<(t) is obtained from a PMrl’ locate.d at 80” from the forward [ 18]. Corroborating f<(t)
il]forrnation  is obtairtcd  from a fast photodiodc  diicctl y in ttlc forward di ffractioll  lobe of lhc bubble.
l)istillcd, dc-ioniz.cd, CaI-bOII  arid par[iculatc filtered water was used for all mcasurcmcnts.  I)issolvcd
gas concentrations ICSS than saturation were. obtail]cd  by allowillg  tllc water to cquilihralc  at a rcduccd
pressure.
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g’l]c practical kcy [o pcrforlnirrg the mcasurcmcnls  wc rcpor-1 here is (hc slowing of lhc mass
transpcrrt  time scale within two pressure constraints: our lowest obtainable pressures arc bounded by
[hc minimum trapping pressure, wtlilc ttrc higbcst obtainable. prc.ssurc.s  (for a given Ro) arc bounded
by the thrcsho]d for I;araday shape oscillations and breakup of tbc bubble. Within these bounds, for
a fixed Pa and dissolved gas concentration, (hc systcrll  will SC] f-select onc (or very few) bubble si~,c
R* which will bc in dynamic mass Cqui]ibrium. Ry varyirlg the dissolved gas conccn(ration wc can
cause thiit siz.c range to span the entire space fronl 1 10 100 microns. Wc can vary Pa near R* where
dRo / d is small, and observe the onset of shape oscillations quasis(atica]ly.

R1’sul:l’s
At low I’a, the bubble remains spherical, and cxhibi(s  the weak nonlinear trait of harmonic

gcncra(iorl  [ 16], with the response rc.maining  pc.riodic with tl)c  same period 7’a as the acoustic field.
J;igurc 2a shows the measured P ~ and  /{ as t“unclions  of (imc; note the strong 2nd harnlonic
component. g’hc bubble in F’igrrrc  2 had an cquilibriurn  size of 66 microns, and a linear resonance
frequency of 48 kllz, very nearly twice ~hc acousiic  frccp]cncy ~a. q’hc pallcrn rcpca[s  itself for
smaller bubbles as t}lcir  linear rcson:incc frcqucr]cy nears an integer mullip]c  of~a.  q’bus, we observe
the prc-saddle-node harmonic rcsonancc prcdictcd by theory. }Iowcvcr,  all the spherically symmetric
oscillalior]s  wc have obsmvcd have been strictly periodic with period 7’s, and remain below the
amplitudes required for the saddle-node bifurcation prcdictcd. What prevents this bifurcation?
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l’igurc 2: ~CSl)OINC of a 66 micron radius hubblc lo an acoustic prc.ssure  of ().24 bar at 20.6
kIlz.. a) from top to bottom: the pressure vs lime (albilrary  units) from the
hydrophonc; normalized radius vs time from the 80” I’Ml’ scattcrcd light; and I’F1’ of
the radius. b) The sarnc data at 0.25 bar, just af~cr lhc onsc[ of a mode 5 shape
oscillation. ‘]’hc signature of the shape oscillation is the peak at f/fO =- 1/2.



Our observations show lhat, for all acoustic pressures /’fl below 1.3 biir for air bubbles in
water, the instability which ticvclops frrsl is lhc F’araday  instability. “1’hc signatulc of this inslabilityis
oflcn a period-doubling of the scaitcrcd laser sig,l~al, as shown in liig. 2.b for a 66 n)icron  buhb]c
driven just past [lIC onset of [he 5-Iobcd mode, identified by video itnap,c  analysis. Figure 3 shows a
subset of the measured (I’a RO) values for onset of an oscillation of ttlc shape of the bubble, and thus
the loss of splmrical  stability. The observed modes arc indica[cd by [hc symbol lypc.  Notice also the
set of thcowtical curves for onscl of the diffcrcllt  modal oscillations: wc will discuss these in lhc rlcxt
scclion.  WC conccntr-atc  on undcrstanciing  the cxpc.rimcntal  diita  h simp]c terms in ibis section.
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};igurc  3: Measured threshold acous(ie  pressure l)a and ccjuilibrium ra(iius  R() for
onset of’ shape oscillations (1’araday instability: mode obsclvcd given by
symbol). All data prcscntcci  arc for air bubble.s levitated in pure water
driven at ‘20.6 k}lx at 22° C al ambicn~ pressure of 1 bar, ‘1’hc tj~colctical
tjlrcsho]ds and modes prcscntcd  for comparison arc courlcsy  of M.
Brcnner, calculated usir]g  the algorilhm prcscm(cd in [6].

‘1’hc gcllcral  trend of higher ihrcsho]d  al smaller bubble si~,c (averaged over different mocics)  is just
the stabili~.illg  cffccl of [he curva(urc  1/1<. Most of tl~c dips and peaks, and lhc prcscncc and ]ocalion
of spccif’ic  normal rnodcs  can be understood in terms of resonances. A particular shape nlodc n is in
external resonance lo lhc driving ficl(i (via the forccci  ]ton-resonant rcsi>onsc of the volume mode)
whcrl~n /~a - i / 2, i = 1,2,3,,.., and wc Spciik Of i:2 cxtcrlmi  rcsonancc. A shape mode n is in interrml
resonance  wittl [i]c rc,sonatil)g  volume mode Wl)c]lfn  /~0 - j / 2, j = 1,2,3,..., hcl)cc j:?, ill(crllal
rcsonancc . LJn~icrstan(iing  that tbc energy transfer mccl~xrlisrn  is the. Faraday instability is the reason
for the factor of 2 in the dcnorninator.  ~’hc locations irt (l’a, [/0) space w’here i and j arc. intcg,crs  arc
not ill general coincident, For bubbles in the r’angc prcscntcd  here, either rcso~lancc  is cqual]y likely;
for very sInall  bubb]cs, only intcr(la]  rcsor]ancc is possible at k} IY, frcqucncics. Notc that, thougtl V’C
usc lllc classification ‘shape. modes in cxtc.rnal  re.sonancc  with the driving field’, the field dots not
(iii-cclly force the modal oscillation.

l;igum 4 plots the ratio of mode (shape o] volume) frequency (o acoustic drivir]g frequency
fa usirlg the measured 1<0 an(i the observed nlodc t~umbcr (assume.d axisymmclric)  at I}IC onset of
shape oscillation. Analytical curves for lhc 1,amb frequency [19] for the shape mode.s 2, - 5 arc
plotlc(i, as is an analytical expression for the furl(iarllcntal  lirlcar rcsor)ar)cc  frequency for Lhc volurnc
nlodc  [?.0] at ambient pressure. 3’}ws, poinls w}lcrc the halved volume frequency curve in(crscets  any
sl)apc  modal frcqtlcllcy  curve (c. g., Lhc n = 4 curve ~~car 60 microns) rcprcscnt the cot]dition  for 1:2
inlcnla]  rcsonancc,  or j == 1 [ a  s l i gh t ly  (ii ffcrcnt  dcfini[ion fro(n lhat of IiCIIg  ct al. ill 21 ]. }’oillts
where a shape frcc]ucrlcy curve intcrsce(s  a line i z 1, ?, 3 rci>r-cscnt  i:? cxtcrllal  rcsorlatlcc:  e.g., i = 1
for tbc n =- 2. curve near 60 microns.
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I:igurc 4: Shape and volumcmoctal frcqucncics  vs Ro. l“hcpointslabclcd  Data
arc the theoretical shape frcqucncics  calculated for the. observed
mode and RO. Curves labeled ‘I ,amb n’ were gcncratcd using the
analytical expression of 1.amb [ 19] for capillary waves. The curve
‘Volumc/2’ is tbe analytical approximation to tbe linear resonance
frequency of the volume mode due to Minncart [2.0].

F’igurc  4 clearly shows Ihc organizing principle of rcsonancc: the data fall in bunches near
points of internal or external rcsonancc. The origin of the J>cak and valley in the measured threshold
bctwccn 60 and ’70 microns is clear: it is due to an approximate 2:1 cxtcmal rcsonancc of the n := 2
mode. ~’hc obsc.rvation  of the n = 4 mode at onset bctwccl] 70 and 80 microns is duc to a do[lblc
resonance: j - 1 and i -2 simul~ancously ([his region is usually called the ‘2nd harmonic’ rcsonancc,
since the bubbIc’s  linear vo]umc  frequency is twice the driving frequency, and the bubble oscillates
nonlincar]y  with a strong 2~acomponcnt  near Illis size).

‘J’hc  thcorctica] thrcsho]d  curves in J’igurc 3 were gmlcratcd  using a tcchl~ique  prcscntcd in
Brcnncr ct al. [6]. ‘1’hc radius variable in the nonlinear 2nd order OI>li  dc.scribing  spherical bubble
dyllamics  [Ihc ‘Raylcigh-l’lcssct equation’, 22. ] is rcJJlaccd by a]) cxJJansion  ill normal sllapc ]])odcs
dcscribcd by l,cgcndrc  polynomials. A linear-form 2nd order 01111 for the aHIJ>lilUd(X an of lthc
shaJJc. modes n is derived, possessing nonlinearly lime-varying coefficients (a gcncralimtion  of 1 lill’s
cquatioll). ~’his approach can account for boll} intcmal an(i cxtcn]al resonances of all orders, but
dots not account for the effect of the buoyant force.

]n I;ig. 3 wc scc good agrccmcnt for the location of the threshold for the 4 mode, and fair
:igrccmcn[ for the 5 mode. ‘1’hc  3 mode appears to bc in disagrccmcnt, bu( this is partially duc 10 Lhc
fact that it bccomcs more imporlant in the ranges 15 -40 microns, and for 90-110 microns; wc scc
ihc 3 mode often in these regimes, but the data is not yet fully rcduccd.

7’llc effect of gravity can bc seen in the striking dis:igrccment  bctwccn theory and cxpcrimcnt
for the 2 mode bctwccn 60 and 70 microns in Iigurc  3. I;xpcrimcnl shows the 2 appears initially al
larger pressures than the theory predicts, and then a strong rcsonancc dip to onset at anomalously low
pressures occurs. I;igurc  4 reveals that these data arc all in 1:2 cxtcnml rcsonancc with the acoustic
field via the nonresonant (entrained) response of [hc sphcrica]  volume pulsations. now CaJI the
prcscl]cc of gravity explain this?

The kcy is the slight deformation of the bubble duc to the balance of the time-averaged
acoustic force aJld the buoyant force. MarstoJl  [23] showed theoretically that the primary spatial
component of ttlc acoustic force was the quadrupolc (n =. 2) tc.rm. Ilolt ct al. [24] among others IMVC
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verified this for larger bubbles. Yang, I;cng and 1,cal [21] invcstigirtcd  the inftucncc of an external
pressure or flow field wilh quadrwpo]c  spatial charac(cr-istics  on the resonant coupling. in particular,
they found thai not only were energy-cxchangc and stability different from the free-field cases
previously studied, a different coupling mechanism was discovcrcd,  of 0(3/2). Onc general
conclusion was thal mode-mode coupling was significantly mlhanccd  cwcr the free-field case, and
more likely to occur at lower amplitudes (and hcncc  lower driving pressures).

Thus, the rcsonancc  dip bclwccn  65 and 70 microns is explained: the quadrupolc
deformation duc to the buoyant force lowers the ncccssary  thrcsholct  for onset of shape oscillations.
q’hings arc not as clear in attcmptil]g  lo explain the appearance of the 4 mode near 60 microns, but
cnhanccrncnt  of the 2 - 4 mode coupling is possible, since the theory predicts the 2 should bc
cxcitcd. IIowcvcr,  at 60 microns the 4 mode is in 1:2. rcsonancc with the volume rnocic,  providing all
altcrnalivc  explanation.

CON(3 .IJSICJN

Llndcrsianding lhc, nonlinear dynamics of drivc~l  buhblc oscillations is imporlanl as a basic
problcm in fluid physics and nonlinear dynamics. ‘1’here exists a complex set of behavior(s) whose
observation depends on nonlinear resonant coupling, inlcrnal  resonances and their structures, inilial
conditions and external paramclcrs  and fields. ‘t’hc implications this understanding will have for
other fields in which bubble phenomena play a role will bc fi~r-reaching. l’hc research prcscntcd
here rcprcscnts  a first step towards a global understanding of bubble behavior. ‘1’hc fulurc  directions
of this rcscrch  as outlined above all depend on an accurate and quantitative undc.rstanding  of the
nonlinear mechanics of bubb]c oscillations. Gravity has significant and subtle effects effects on the
problc.m, and i( is clear that microgravizy cxpcrimcntation  would provide both qualitative and
quantila(ivc improvements. ‘1’hc dominance of surface tcnsiml  forces and lhc lack of a buoyant force
would not only enable direct comparison with dlcorics, but woLIld  allow access to pararnctcr  space
forbidden irl 1 g duc to the need for lcvita[ion.
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